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Different mass fractions (0, 3, 6, 9, 12, and 15%) of ethyl acetate were added to bio-oil
for improving its storage stability during storage at 40°C for 35 days. For different bio-oils
during storage, physical properties were characterized and chemical components were
determined by GC–MS and FT-IR. The results of properties characterization showed that,
addition of ethyl acetate could instantly lower bio-oil viscosity, water content, and dramat-
ically decrease the rate of aging. pH value of bio-oil can be instantly improved by adding
ethyl acetate. GC–MS results revealed that addition of various content of ethyl acetate into
bio-oil and its storage at 40°C for 35 days could both lead to disappearance of previous
compounds and generation of new compounds. FT-IR results showed that addition of var-
ious content of ethyl acetate into bio-oils and its storage at 40°C for 35 days could slightly
change the wavenumbers of substantial functional groups in bio-oils.
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INTRODUCTION
Shortage of fossil fuels and environmental pollution lead to a great
interest in using renewable resources of energy (Mohan et al.,
2006). Biomass energy is a clean, environment-friendly renewable
energy. Recently, producing bioenergy such as bio-oil, fuel gas,
and bio-char through fast pyrolysis has been a hot spot globally.
The liquid product of fast pyrolysis, bio-oil, has several advantages
compared to petroleum fuels. But the storage instability of fast
pyrolysis bio-oil is a big problem for its direct application in ther-
modynamic combustion engines (Oasmaa and Kuoppala, 2003;
Kim et al., 2012).
The instability of bio-oil can be illustrated as follows. Bio-
oil usually has substantial chemical compounds such as phenols,
ketones, acids, aldehydes, alcohols, ethers, and esters (Oasmaa
et al., 2001), which lead to production of new compounds with
higher molecular weight through esterification, polymerization,
etc. During storage process of bio-oil, several physical properties,
that is, viscosity, water content, etc., increase with the extension
of the storage period (Diebold et al., 2000). Also, the pH value
will decrease slowly. The chemical components of bio-oil are also
changed due to the various complicated chemical reactions. Thus,
the storage stability of bio-oil can be evaluated by investigating
the changes of bio-oil viscosity, water content, pH, and chemical
components.
In order to improve the physiochemical properties and stor-
age stability of pyrolysis bio-oil, addition of organic solvents was
proposed and investigated (Diebold and Czernik, 1997; Theissen,
2009). In the previous studies, Boucher et al. (2000) demonstrated
that methanol could improve stability of bio-oil and exhibited the
best effect at the addition proportion of 10 wt%. Pidtasang et al.
(2013) investigated the influence of alcohol on the properties and
storage stability of bio-oil, and found that the stability, viscosity,
and heating value of bio-oil could be improved by adding a small
proportion (2.5–10%) of alcohol. Wu (2011) studied the effect of
different fraction of methyl acrylate on pyrolysis bio-oil during
storage at 40°C for 42 days and demonstrated that methyl acrylate
had significant influence on improvement of bio-oil stability. All
the previous researches consistently revealed that adding proper
organic solvents could improve the properties and storage stabil-
ity to an extent. However, to the best of our knowledge, the effect
of ethyl acetate on physiochemical properties and storage stability
of pyrolysis bio-oil during long-term storage period was seldom
reported.
Thus, in the current work, effect of different mass fractions (0,
3, 6, 9, 12, and 15%) of ethyl acetate on bio-oil storage stability
was investigated during storage at 40°C for 35 days. For all bio-oil
samples in storage experiment, physical properties (viscosity, water
content, and pH) were tested and chemical components were char-
acterized using GC–MS and FT-IR. According to statistical results,
several conclusions were drawn, which could provide technical
support for the application of pyrolysis bio-oil from biomass.
MATERIALS AND METHODS
BIO-OIL
The bio-oil used in current research was derived from the fast
pyrolysis of sawdust at 500°C in a fluidized-bed reactor. After
production, the crude bio-oil was stored in sealed glass bot-
tles in a freezer at 4°C before using it in the experiment. Liu
et al. (2011) investigated the process of fast pyrolysis of rice husk
to produce bio-oil in a fluidized-bed reactor and analyzed the
physical−chemical properties of the pyrolysis bio-oil.
STORAGE EXPERIMENT
For the storage experiments, six bio-oil samples with different
content (0, 3, 6, 9, 12, and 15%) of ethyl acetate were used.
Each experiment was repeated for four times and the results were
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averaged. The standard errors were calculated and presented in
the figures. All the samples had the same total volume of bio-oil
for 50 mL and were stored in sealed reagent bottles with a total
volume of 150 mL. All the samples of treatment group were stored
at 40°C for 35 days. During the storage period, the properties of
bio-oils, including water content, viscosity, pH, were determined
at specific time (0, 7, 14, 21, 28, 35 days). When storage time was
between 0 and 35 days, all the samples were tested using GC–MS
and FT-IR.
ANALYSIS METHODS
Viscosity
According to ASTM D445, the viscosity of bio-oil was tested
using a petroleum products’ kinematic viscosity tester purchased
from Shanghai Changji Geological Instrument Co., Ltd., type
SYD-265H. All the samples were analyzed for viscosity at 40°C.
Water content
According to ASTM E203, the water content of bio-oil sample
was tested using Karl-Fischer titration purchased from Metrohm
Instrument Co., Ltd., type KFT 870.
pH value
According to the pH-potentiometer method, the pH value of bio-
oil sample was determined using a pH meter purchased from
Shanghai Leici Instrument Plant, type PHS-3C.
GC–MS
Chemical composition of bio-oil was tested by GC–MS (AutoSys-
tem XL GC/TurboMass MS, Perkin Elmer) with a quadruple detec-
tor and a DB-1MS capillary column (30 mm× 0.25 mm inner
diameter× 0.25µm thickness). Helium (UHP) was used as the
carrier gas with a constant flow of 1.2 mL/min. The initial temper-
ature of oven temperature program was set at 40°C and continued
for 4 min, rising by 5°C/min to 250°C, which continued for 10 min.
The injector temperature was 250°C. The volume of injected sam-
ple (10% of bio-oil in chloroform) was 1µL. Electron ionization
(EI) was used in the MS and standard mass spectra with 70 eV
ionization energy were recorded with a scanned range from 0 to
1200 amu. The computer matching of mass spectra was performed
using the NIST98 and WILEY7.0 library and the retention times
of known species injected in the chromatographic column were
used for identification of the peaks.
FT-IR
The FT-IR analysis of bio-oil was carried out using Fourier infrared
and Raman spectrometer purchased from Bruker Company, type
EQUINOX 55.
RESULTS AND DISCUSSION
INFLUENCE OF ETHYL ACETATE ON VISCOSITY (40°C), WATER
CONTENT, AND PH VALUE OF BIO-OIL
Figure 1 shows the change of (1) viscosity (40°C), (2) water con-
tent, and (3) pH value of bio-oil during storage for 35 days. The
standard errors estimation in the measured readings was given in
the figures. According to the standard errors estimation, a con-
clusion could be drawn that accuracy and repeatability of the
experiments were well.
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FIGURE 1 |The change of (A) viscosity (40°C), (B) water content, and
(C) pH value of bio-oil during storage for 35days.
Viscosity is a significant property for pyrolysis bio-oil as com-
bustion fuel because it affects injecting and pumping of liquid fuel.
In addition, viscosity is one of the most important indicators of
bio-oil storage stability (Oasmaa and Meier, 2005). According to
Figure 1A, at any time point of the whole storage process, all the
bio-oil samples with different fractions of ethyl acetate had lower
viscosity than blank sample (0%) and the more the additive con-
tent is, the lower the bio-oil viscosity will be. The results indicated
two points. First, the addition of ethyl acetate could instantly lower
viscosity of bio-oil to a certain degree. Second, the addition of ethyl
acetate to bio-oil had the very beneficial effect of decreasing the
rate of aging. During whole storage period, the viscosity of any
individual bio-oil sample increased gradually with the extension
of the storage period due to aging reactions of reactive organic
compounds in bio-oil. The reactions such as polymerization and
polycondensation reactions (Fahmi et al., 2008; Lu et al., 2008)
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would lead to larger molecules, which consequently would cause
an increase in viscosity of bio-oil (Diebold and Czernik, 1997).
Recently, many related researches were performed to decrease vis-
cosity of bio-oil. In the work of Pattiya and Suttibak (2012), a
hot vapor filter was used to filter pyrolysis bio-oil and demon-
strated that the filtered bio-oil appeared to have a better stability
and lower initial viscosity. Bridgwater (2012) reported that bio-oil
viscosity increased slowly after production due to secondary reac-
tions including polymerization and proposed a number of ways
to upgrade bio-oil, such as solvent addition, emulsions, catalytic
upgrading, etc.
The water content of bio-oil is another indicator of storage
stability (Oasmaa and Meier, 2005). In general, water in bio-oils
came from two aspects: the original moisture in the feedstock and
the dehydration reactions occurring during the pyrolysis process
(Moreira et al., 2013). As shown in Figure 1B, at the beginning
of storage process (0 day), the addition of various content of ethyl
acetate could consistently lower water content of bio-oil samples
to a certain extent. Also, the more ethyl acetate was added, the
lower water content would be. This can be explained as follows.
The addition of ethyl acetate could instantly decrease bio-oil water
content through dilution effect because the additive was known to
have no water content. During the long-term storage period, the
change of bio-oil water content was negligible. This indicated that
the chemical reactions, which consume and produce water could
not significantly change the water content. Similarly, Kim et al.
(2012) investigated effect of storage duration on bio-oil properties
and demonstrated that change in water content of bio-oil was neg-
ligible during the storage at 23°C for 10 weeks. Generally, pyrolysis
bio-oil has higher water content than petroleum, which could lead
to lower heating value and lower viscosity, which indicated the
negative and positive effect. According to Vamvuka (2011), dur-
ing the biomass pyrolysis process, there are many reactions that
can generate water, such as dehydration reaction, heterogeneous
reaction, and aromatization reaction. Thus, it is difficult to con-
trol water content of bio-oil by controlling reactions due to its
complexity. Some related researches reported several methods to
lower the water content of bio-oil, for instance, treatment for bio-
oils with ethyl alcohol (Oasmaa et al., 2004), usage of fractional
condensation (Yin et al., 2013), appropriate selection of biomass
materials (Chen et al., 2010), etc.
Generally, due to existence of substantial amounts of organic
acids such as acetic and formic acid, etc., the pH value of pyrolysis
bio-oil is about 2.0–4.0 (Liu et al., 2011). The high acid number
leads to high corrosiveness in vessels and pipework (Bridgwater,
2012). Thus, it is significant to improve pH value of pyrolysis bio-
oil before being used. Figure 1C shows the change of pH value of
bio-oil during storage for 35 days. From Figure 1C, it can be seen
that pH value of bio-oil can be instantly improved by adding ethyl
acetate. Compared to the blank sample (0%), the pH values of bio-
oil samples (3, 6, 9, 12, 15%) were increased through ethyl acetate
addition by 0.50, 8.08, 10.61, 12.12, and 14.14%, respectively, at
the beginning of storage (0 day). At the end of storage (35 days),
the growth rates were 0.57, 5.14, 2.29, 2.29, and 4.00%, respec-
tively. During the whole storage process, the change tendency of
pH was descending. This may be because of the decomposition of
ethyl acetate and formation of acetic acid, which increase the acid
number of bio-oil. In addition, according to Kim et al. (2012), the
pH value did not change significantly during the storage period at
23°C for 10 weeks. It was also reported that careful materials selec-
tion could acquire pyrolysis bio-oil with better quality (Bridgwater,
1999).
GC–MS ANALYSIS OF BIO-OILS
The pyrolysis bio-oil was a complicated mixture containing sub-
stantial kinds of chemical compounds (Chen et al., 2011). The
blank sample (0 , 35 days) and other samples (3, 6, 9, 12, 15%)
at 35 days were determined by GC–MS. Table 1 shows GC–MS
analysis of bio-oils with different content of ethyl acetate. Only
the compounds with relative concentration higher than 0.02% are
listed in Table 1.
According to Table 1 (see relative content (%)), it could
be calculated that 22, 22, 24, 21, 23, 20, 20 kinds of chemi-
cal compounds including phenols, acids, ketones, furans, etc.,
were determined by GC–MS for biooils with 0% (0 day), 0%
(35 days), 3% (35 days), 6% (35 days), 9% (35 days), 12%
(35 days), 15% (35 days) ethyl acetate, respectively. For the
blank sample, some abundant compounds were easily detected,
such as pyrocatechol, lysidine, 5-methyl-2-furfural, ethyl-2-oxo
propanoate, etc. After addition of various content of ethyl acetate,
there were some new high polymers existing in bio-oil sam-
ples, such as guaiacol, 2-methoxy-4-propenyl-phenol, 4-hydroxy-
3-methoxyphenylacetone, etc. Results of blank sample (0%, 0 day)
and blank sample (0%, 35 days) indicated that storage at 40°C
for 35 days could lead to disappearance of previous compounds
and generation of new compounds. This was probably due to the
aging reactions of chemical compounds in bio-oils (Hilten and
Das, 2010). Also, addition of various content of ethyl acetate could
bring about loss of earlier compounds and production of differ-
ent compounds. This is probably because ethyl acetate added into
bio-oils participated in the aging reactions. Besides, existence of
lots of oxygenated compounds was demonstrated according to for-
mula of chemical compounds, which was a direct cause of rather
low heating value of pyrolysis bio-oil (Liu et al., 2009). In recent
years, new technique for identification of chemical components
in bio-oil was investigated widely. For instance, comprehensive
two-dimensional gas chromatography was used by Tessarolo et al.
(2013) to identify chemical components of two bio-oil samples
derived from flash pyrolysis using empty palm fruit bunch and
pine wood chips, and demonstrated existence of primary classes
of compounds such as cyclopentenones, ketones, furans, fura-
nones, phenols, sugars, etc. In the work of Marsman et al. (2008),
identification and classification of components in flash pyroly-
sis bio-oil and hydrodeoxygenated bio-oils were performed using
two-dimensional gas chromatography and time-of-flight mass
spectrometry, which is a useful and fast technique to determine
the composition of pyrolysis oil. Thus, in order to acquire more
detailed information on components of bio-oil, the characteriza-
tion of pyrolysis bio-oil from sawdust using two-dimensional gas
chromatography is our next work.
FT-IR ANALYSIS OF BIO-OILS BEFORE AND AFTER STORAGE FOR
35 DAYS
FT-IR spectroscopy is a powerful analytical technique to charac-
terize the functional groups of pyrolysis bio-oils (Lievens et al.,
www.frontiersin.org January 2014 | Volume 2 | Article 3 | 3
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Zhang et al. Bio-oil storage analysis with additive
Table 1 | GC–MS analysis of bio-oils with different content of ethyl acetate.
No. Name Formula Relative content (%)
0%
(0day)
0%
(35days)
3%
(35days)
6%
(35days)
9%
(35days)
12%
(35days)
15%
(35days)
1 2-Methoxy-4-propyl-phenol C10H14O2 – – – – 0.76 – –
2 6-Oxa-bicyclo[3.1.0]hexan-3-one C5H6O2 1.13 – – – – – –
3 2,4-Dimethylfuran C6H8O 2.42 – – – – – –
4 Phenol, 2,4-dimethyl C8H10O – 1.28 – – – – –
5 2-Furanone,2,5-dihydro-3,5-dimethyl C6H8O2 – – – 0.77 – – –
6 2,5-Diethoxytetrahydrofuran C8H16O3 0.84 – 1.26 – – – 0.71
7 2,6-Dimethylphenol C8H10O – – 1.24 1.18 1.05 1.02 1.03
8 2-Methyl-1,3-dioxolane C4H8O2 – 4.60 – – – – –
9 3-Penten-2-one, 3,4-dimethyl C7H12O 0.02 – – – – – –
10 Lysidine C4H8N2 6.27 8.27 4.54 4.18 4.57 4.24 4.15
11 2-Methoxy-5-methylphenol C8H10O2 5.83 3.18 – – – – –
12 2-Cyclopenten-1-one, 2-hydroxy C5H6O2 4.61 – – – – – –
13 2-Pentanone C5H10O 2.19 – – – – – –
14 Itaconic anhydride C5H4O3 – – 0.49 – – – –
15 3,4-Dimethylphenol acetate C10H12O2 1.98 – – – – – –
16 5-Methylcatechol C7H8O2 4.31 – – – – – –
17 2-Cyclopenten-1-one, 2-methyl C6H8O – 3.32 1.60 1.32 1.43 1.31 –
18 3-Methyl-1,2-cyclopentanedione C6H8O2 – – 3.36 3.40 3.49 3.24 3.36
19 3-Isopropylphenol C9H12O – 1.29 – – 0.94 – –
20 Isoeugenol C10H12O2 4.00 – – – – – –
21 4-Hexen-3-one C6H10O – – – – – 0.93 –
22 4-Methyl-1,2-benzenediol C7H8O2 – 1.54 2.65 3.58 3.05 3.17 3.31
23 2-Methoxy-4-methylphenol C8H10O2 – – 3.31 3.44 3.63 3.00 2.93
24 4-Hydroxy-3-methoxyphenylacetone C10H12O3 – – 0.30 – – – –
25 Acetovanillone C9H10O3 0.75 0.27 1.08 0.49 1.00 – 0.28
26 4-Pyrimidinol C4H4ON2 – 2.42 – – – – –
27 4-Ethyl-2-methoxyphenol C9H12O2 3.06 0.66 0.91 0.77 0.73 0.68 –
28 4-Ethylcatechol C8H10O2 – 0.35 0.90 1.07 0.85 0.88 0.95
29 5-Methyl-2(5H )-furanone C5H6O2 – – 0.76 0.78 0.75 0.71 0.83
30 5-Methyl-2-furfural C6H6O2 4.27 3.20 1.65 1.59 1.62 1.60 1.51
31 6-Ethyl-m-cresol C9H12O – – 0.66 – – – –
32 γ-Butyrolactone C4H6O2 – – 0.27 0.24 0.28 0.22 0.36
33 Benzofuran C8H6O – 1.81 – – – – –
34 Phenol C6H6O 2.83 4.42 2.38 2.21 2.25 2.12 2.26
35 Phenylmethanol C7H8O – 3.43 – – 2.03 – 3.21
36 Eugenol C10H12O2 0.86 – 1.05 – 1.31 – –
37 4-Cresol C7H8O – – – 2.27 – – –
38 1-Phenylethanol C8H10O 0.19 – – – – – –
39 2-Methylacrylic anhydride C8H10O3 – 1.46 – – – – –
40 2-Cyclopenten-1-one, 2-hydroxy-3-methyl C6H8O2 3.76 5.33 – – – – –
41 Mequinol C7H8O2 – 4.73 3.90 4.31 – 3.27 3.24
42 Phenol, 3-methyl C7H8O 1.21 – – – – – -
43 Pyrocatechol C6H6O2 9.26 2.80 5.20 5.92 5.15 5.24 4.13
44 Phenol, 2-methyl C7H8O – 3.34 1.91 1.53 1.95 1.82 1.61
45 cis-3-Methyl-3-hexene C7H14 – – – – – 1.17 0.99
46 Ethyl-2-oxo propanoate C5H8O3 4.19 3.32 2.08 1.81 1.95 1.91 1.75
47 2-Methoxy-4-propenyl-phenol C10H12O2 – 0.48 0.33 0.75 0.43 0.46 1.41
48 3-Hydroxy-4-methoxybenzaldehyde C8H8O3 – – 0.76 0.64 0.81 0.82 1.00
49 Guaiacol C7H8O2 – – – – 3.59 – –
50 Palmitic acid C16H32O2 0.11 – – – – – –
–, means not detected.
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FIGURE 2 |The infrared spectra of bio-oil samples with different
content of ethyl acetate.
2013). Using variation information on functional groups of dif-
ferent bio-oil samples, the discrepancy of chemical components of
various bio-oil samples could be deducted. The infrared spectra
of bio-oil samples with different content of ethyl acetate are listed
in Figure 2.
According to Figure 2, wavenumbers of substantial functional
groups in bio-oil were between 3000 and 3500/cm as well as
between 1000 and 1750/cm, which indicated the existence of C=O
bonds, C=C bonds, C–O bonds, C–H bonds, and O–H bonds,
etc. in bio-oil. These functional groups demonstrated that there
were alcohols, phenols, aromatics, and acids, etc. in bio-oil, which
demonstrated the consistent results obtained from GC–MS results.
Recently, a study (Lievens et al., 2011) reported that FT-IR spectra
of bio-oil in the region of 1490–1850/ cm could provide detailed
information on various carbonyl groups in bio-oil. It is well known
that biomass consists of cellulose, hemicellulose, and lignin, which
are totally CHO chemical compounds (Chen et al., 2010). In addi-
tion, from Figure 2, conclusion can be drawn that addition of
various content of ethyl acetate into bio-oils and the storage at
40°C for 35 days could slightly change the wavenumbers of sub-
stantial functional groups in bio-oils, which showed that aging
reactions occurred during the storage period and ethyl acetate
participated in the chemical reactions in bio-oil.
CONCLUSION
(1) The addition of ethyl acetate could instantly lower viscosity of
bio-oil to an extent and decrease its rate of aging.
(2) The addition of various content of ethyl acetate could consis-
tently lower bio-oil water content to a certain extent. And, the
more ethyl acetate was added, the lower water content would
be.
(3) pH value of bio-oil can be instantly improved by adding ethyl
acetate.
(4) GC–MS results revealed that addition of various contents of
ethyl acetate and storage at 40°C for 35 days could both lead
to disappearance of previous compounds and generation of
new compounds.
(5) FT-IR results indicated that addition of various contents of
ethyl acetate and storage at 40°C for 35 days could slightly
change the wavenumbers of substantial functional groups in
bio-oils.
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